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Nanoparticles of YCo2, YCo3, and YCo5 are produced by cluster-deposition and investigated
both structurally and magnetically. The nanoparticles have sizes of less than 10 nm and
are superparamagnetic at 300 K, irrespective of stoichiometry. As-produced nanoparticles
exhibit disordered structures with magnetic properties differing from those of the bulk
particles. The temperature-dependent magnetization curves of the nanoparticles reveal blocking
temperatures from 110 to 250 K, depending on stoichiometry. The magnetic anisotropy constant
K1 of disordered YCo5 nanoparticles of 7.8 nm in size is 3.5  106 ergs/cm3, higher than those of
C 2011
the disordered YCo2 (8.9  105 ergs/cm3) and YCo3 (1.0  106 ergs/cm3) nanoparticles. V
American Institute of Physics. [doi:10.1063/1.3549602]

Since the discovery of a high uniaxial anisotropy field in
YCo5,1 rare-earth cobalt (R-Co) bulk alloys, especially
SmCo5, have become important permanent-magnet materials. Such materials have high Curie temperatures (Tc  900
K); appreciable magnetization (4pMs  10 000 G); and high
room-temperature anisotropies (K1), from 5.5  107 ergs/cm3
(YCo5) to 22  107 ergs/cm3 (SmCo5).1–4 Other Y–Co
alloys, especially YCo2 and YCo3, have recently attracted
much attention due to their intriguing magnetic properties.5–10
Bulk YCo3, a ferromagnetic material with a Curie temperature slightly above room temperature (307 K), has shown
dramatic changes in its magnetic properties upon hydrogen
absorption.5–7 Bulk YCo2 is a well-known exchangeenhanced Pauli paramagnet, 11,12 whereas the amorphous and
nanocrystalline forms of YCo2 have shown ferromagnetic
behavior.8–10
Nanoparticles of R-Co have enjoyed considerable interest in recent years, especially with regard to their nanoscale
magnetic properties and the exploration of these properties
for future applications such as permanent magnets, magnetic
recording media, etc.13–15 However, the challenges in controlling the size, size-distribution, structure, and phase purity
of the particles have limited this research to a few experimental studies, mostly based on surfactant-assisted wet
chemical techniques. Generally, these studies focus on
Sm–Co nanoparticles.13–15 Furthermore, the presence of surfactants and the oxidation of these nanoparticles results in
poor coercivity and substantial reduction in magnetization.14,15 Bulk YCo5 has been ball-milled to obtain nanocrystalline powders with relatively large particle sizes of 30 to
40 nm.16 In the present study, we have used a plasmacondensation-type cluster-deposition method to produce
YCo2, YCo3, and YCo5 nanoparticles of much smaller sizes
(10 nm).
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The experimental set-up, described elsewhere,17,18 consists of a cluster-formation chamber that has a direct current
(DC) magnetron plasma-sputtering discharge with a watercooled gas-aggregation tube and a deposition chamber. A
composite Y–Co target was sputtered using Ar and He as
sputtering gases to form Y–Co nanoparticles in the gasaggregation chamber; the nanoparticles were extracted as a
collimated cluster beam traveling toward the substrate in the
deposition chamber. The stoichiometry of these nanoparticles was controlled by varying the DC magnetron sputtering power (30 to 60 W) and composition of the target. The
Y–Co nanoparticles were deposited on carbon coated Cu
grids for transmission electron microscopy (TEM; JEOL
2010 with an acceleration voltage of 200 kV) and on Si substrates for SQUID magnetometer, energy dispersive x-ray
analysis (EDX), and x-ray diffraction (XRD; Rigaku D/MaxB diffractometer) measurements.
The as-produced Y–Co nanoparticles have a spherical
shape and an average particle size of about 9.0 nm, as shown
in the TEM micrograph of the YCo3 nanoparticles in
Fig. 1(a). The selected-area-electron-diffraction (SAED) patterns in the inset of Fig. 1(a) show only two diffuse rings,
revealing the disordered or amorphous-like structure. The
average particle sizes of YCo2 and YCo5, estimated from the
TEM micrographs, are about 9.6 and 7.8 nm, respectively.
XRD also confirms the disordered structure of the Y–Co
nanoparticles, irrespective of stoichiometry, as exemplified by
the XRD pattern for YCo3 [Fig. 1(b)], which has only two
broad diffraction peaks in addition to the diffraction peak corresponding to the Si substrate. The standard data for the rhombohedral PuNi3-type structure corresponding to the bulk
YCo3 are shown as lines in Fig. 1(b).19 Note that the most
intense diffraction peaks corresponding to bulk YCo3 lie in
the range of 2h ¼ 40 to 50 , where the broad diffraction peak
of the YCo3 nanoparticles appears, as in Fig. 1(b).
In the cluster-deposition process, the inert gas ions impinging on the Y–Co target sputter the Co and Y atoms with
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FIG. 1. (Color online) Structure of YCo3 nanoparticles: (a) TEM micrograph, with selected-area-electron-diffraction pattern as an inset; and (b)
x-ray diffraction pattern. The standard diffraction lines for bulk YCo3 are
presented as vertical lines.

a certain amount of energy. The sputtered atoms combine to
form alloys by utilizing this energy, and they also lose the
energy simultaneously by colliding with the inert gas atoms,
until they reach thermal equilibrium. This process leads to
the aggregation of Y–Co nanoparticles. The XRD and SAED
patterns show that the energy acquired from the inert gas
ions by Y and Co atoms is not sufficient to form a welldeveloped crystal lattice, leading to the disordered structure.
Correspondingly, the XRD patterns of the YCo2 and YCo5
nanoparticles show a disordered structure, as compared to
their bulk crystal structures.
The dependence of magnetization M of the YCo2, YCo3,
and YCo5 nanoparticles as a function of the applied magnetic
field H was measured at 10 and 300 K. At 300 K, the nanoparticles show a very soft magnetic behavior, irrespective of
their stoichiometry. For example, YCo3 nanoparticles exhibit
a very low coercivity Hc of 16 Oe and a remanence ratio
Mr/Ms of 0.09 at 300 K [curve (i) in Fig. 2(a) and Fig. 2(b)].
These nanoparticles may therefore be superparamagnetic

FIG. 2. Hysteresis of YCo3 nanoparticles at (i) 300 K and (ii) 10 K: (a) full
hysteresis loops and (b) expanded view.
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and possibly lose their superparamagnetism due to the
exchange interaction between them, leading to a very low
room-temperature Hc and Mr/Ms. At 10 K, the coercivity and
the remanence ratio values of the YCo3 nanoparticles
increase to 165 Oe and 0.39, respectively [curve (ii) in Fig.
2(a) and Fig. 2(b)]. Similar trends in the magnetization
curves at 300 K and 10 K were also observed for the disordered YCo2 and YCo5 nanoparticles.
In order to study the properties of isolated Y–Co nanoparticles, the particles were exchange-decoupled by dispersing them in SiO2. For this experiment, sequential depositions
of Y–Co nanoparticle layer (0.5 nm thickness) and SiO2
layer (8.5 nm thickness) were carried out, as is schematically shown in Fig. 3(a). The deposition of SiO2 layers was
performed using a radio-frequency magnetron-sputtering
gun employed in the deposition chamber, and the total numbers of Y–Co and SiO2 layers were 30 and 31, respectively.
Fig. 3(b) shows that the YCo2, YCo3, and YCo5 nanoparticles have zero coercivity at 300 K. At 10 K, the coercivity
is nonzero (not shown).
Fig. 4 shows the zero-field-cooled (ZFC) and fieldcooled (FC) magnetization curves of these exchangedecoupled Y–Co nanoparticles, measured in the temperature
range of 5 to 300 K. The FC-ZFC curves confirm the superparamagnetic behavior of the Y–Co nanoparticles by showing the blocking temperature Tb, namely, about 110 K for
YCo2 and YCo3 and 250 K for YCo5.
YCo2 is a well-known exchange-enhanced Pauli paramagnet, but nanocrystalline YCo2 powders with particle
sizes of 20 to 30 nm are soft-magnetic, with coercivities of
50 and 135 Oe at 300 and 35 K, respectively.9 This has been
attributed to the size-induced band narrowing at nanodimensions.9 Bulk YCo3 is a ferromagnetic material with a Curie
temperature of 307 K.5 In the present study, the YCo2 and
YCo3 nanoparticles are smaller than 10 nm, so that thermal fluctuations induce superparamagnetic magnetization
reversal.
By comparison, bulk YCo5 ordered with the hexagonal
CaCu5-type structure is a ferromagnet with a high Curie
temperature and a large magnetic anisotropy (k1  5.5  107
ergs/cm3).1,2 Crystallographically well-ordered YCo5 nanoparticles should therefore be stable against thermal fluctuations
and show a ferromagnetic signature at room temperature.20

FIG. 3. (Color online) Exchange-decoupled Y–Co nanoparticles fabricated
by a sequential deposition of nanoparticle (Y–Co) and matrix (SiO2) layers:
(a) schematic view and (b) room-temperature magnetization of the
exchange-decoupled (i) YCo2, (ii) YCo3, and (iii) YCo5 nanoparticles at 300
K. These curves reveal the superparamagnetic nature of the particles.
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anisotropy of the disordered YCo5 nanoparticles, as deduced
from the blocking temperature, is much smaller than the
bulk anisotropy.
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FIG. 4. Zero-field-cooled (solid spheres) and field-cooled (hollow spheres)
magnetization curves for Y–Co nanoparticles dispersed in SiO2 matrices.

However, in the present study, disordered YCo5 nanoparticles with an average particle size of 7.8 nm show superparamagnetic behavior at room temperature (Tb of 250 K). This
shows that the magnetic anisotropy of the disordered YCo5
nanoparticles is lower than that of ordered YCo5. We have
evaluated the value of K1 for the disordered YCo5 nanoparticles using the relation Tb ¼ KuVp/25kB for noninteractive
single-domain particles, where Ku, Vp, and kB are the anisotropy constant, the particle volume, and the Boltzmann constant, respectively. The result is 3.5  106 ergs/cm3, much
less than the bulk value but higher than the estimated K1
values for disordered YCo2 (8.9  105 ergs/cm3) and YCo3
(1.0  106 ergs/cm3) nanoparticles.
In conclusion, we have used cluster-deposition to investigate YCo2, YCo3, and YCo5 nanoparticles having sizes
smaller than 10 nm. XRD and TEM results show that these
nanoparticles have a disordered structure. The magnetic
properties of the disordered Y–Co nanoparticles are very different from those of the corresponding bulk materials. The
nanoparticles are superparamagnetic at 300 K and have nonzero coercivity at 10 K, irrespective of stoichiometry. The
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